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FINAL REPORT

The program supported by this grant was devoted to extending theoretical

and experimental techniques that are well—known in lumped—parameter systems

such as vacuum tube oscillators, microwave devices, etc. to distributed—

parameter systems such as plasmas; the results are also relevant to lasers,

fluids, and gases. Particular areas of interest are nonlinear behavior of

oscillations and instabilities, stabilization of instabilities, and

turbulence phenomena in bounded systems.

The theoretical part of the program developed a method of analysis

in which the oscillations of a distributed—parameter system are treated in

terms of normal modes of the bounded system. The temporal behavior of these

modes is described by nonlinear differential equations that are well known

from the analysis of lumped—parameter systems: these include the van der P01

equation, the Mathieu equation, the fluffing equation, and a new equation

that has been developed and solved in this program.

An experimental program which used a low—temperature plasma device,

the Q—uiachine,was used to provide verification of the above theoretical

concepts by means laboratory experiments. The experimental programs also

led to the developments of several technological spinoffs and new in plasma

diagnostic techniques.
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The general interest in the methods of analysis of nonlinear

distributed—parameter systems developed in this program resulted in the

solicitation of a monograph on this subject by the Principal Investigator.

This monograph will provide scientists in various fields with the background

needed to carry out similar work in their particular areas of interest.

Results obtained in the program include the following:

(1) Development and experimental verification of parametric

excitation of ion acoustic waves in a plasma by means of a periodic

temperature variation, which is produced by modulated radio—frequency

power. (2) The application of this theory to determine the effect of

initial phase in parametric excitation and the experimental observations of

the predicted effects in a plasma. This effect had not been reported earlier.

(3) A review and generalized analysis of dynamic stabilization methods.

(4) The development and solution of a new nonlinear differential equation

which describes the onset and saturation of a class of convection

instabilities such as the Benard (thermal convection) instability. (5) The

application of this equation to the analysis of the well—known plasma flute

instability. The use of the new equation made it possible to examine certain

ranges of parameters that could not be analyzed by the earlier approaches

in the literature, which are based on the use of the dispersion relation.

(6) An analysis of the entrainment effects in beam—plasma interactions

based on the van der Pol model developed earlier in the program, experimental

verification of this analysis. (7) The observations and explanation of a

new plasma transparancy effect at high magnetic fields.
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Recent unpublished results include (8) experimental demonstration

of the suppression of the collisionless drift instability by the noncontact

application of a tranverse radio—frequency field near the lower hybrid

frequency. (9) The development and experimental verification of an analysis

of the lover hybrid resonance in a bounded plasma. This analysis is based

on the solution of the boundary—value problem whereas earlier treatments have

been based on propagation in an infinite plasma.

This program has led to the development of certain technological

spin—off developments. These include a new (patented) oscilloscope display

system, the developm~—t of so—called active microwave systems, and two new

methods for plasma diagnostics: a Lecher wire system for the measurement of

plasma density with high spatial resolution and a method for measuring

anaisotropic electrical conductivity in a plasma based on the measurement of

the quality factor (Q) of a probe coil.

[
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1 WAVE-IHSTABILITY PHYSICS

la) Parametri c Exci tati on of Ion-Acoust ic Waves

This %lork is of interest in connection wi th our general program

designed to show that concepts well -known in lurnped-parar’~ete r systems can

be used to analyze the behavi or of distributed-paramete r systems such as

a plasma in a magnetic field. The effect follows directly from the app li-

cation of the tiathicu equat ion. The electron temperature in the plasma is

controlled by the application of the rf pc~’er so that the electron temperature

can be varied periodically by amplitude modulati on of the rf power. In

these exparwcnts the tc~~erature is modulated at a frequency equal to twi ce

the frequency of the ion-acoustic wave . The usefu lne5s of the method lies

in the fact that it provi des an addi tional means ~or exci tation of ion-

acousti c waves in the plashla; in turn these can be used to study the anoma lous

conductivi ty in the presence of a prcdete~mined wa ve sp2ct rum . The work on

parame tric exci tati on has been described in the Physics of Fluids, and at a

recent international conference :

11Parantctric Excita tion of Ion—Acousti c l!aves in a Bounded Plasma ” , by E. J.

Yad l~ ,sky , R. H. I~brams , Jr., T. Ohc and It. Lashin~ky, Physics of Flui ds , 14

1584 (19 71).

~Exc1 tat1on of Ion-Acoust ic 1!avcs by Paran~c?tri c Heating and Strong Iligh-Fre-

quency Electric Fields” , by R. U. Abran~, Jr., T. Ohc’ and H. iashinsky , Proc.

of 3rd International Conference on Quicscerit Plas~ as , I:ls-i tiore , flenmark ,

Danish Ato~ic Ene~ ~v C 1 55 i0 i  , 1~7l , p. 7~)
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In this work i”t has been cound that the electron temperature can be

raised by the applicati on of radio-frequency power , or by the applicati on

of mlcros,ave power and both techni ques have been used. There are two in-

dependent experimental checks that show the temperature has increased: the

frequency of the ion-acousti c ~:ave increases wi th increasing rf power and

rough probe characteristi cs , as can be obtained in the presence of the

rf field , show decreas i ng slo pe w i th increas ing rf power , indicating hi gher
electron temperatures . The work on para;::etric exci tati on of ion-acoustic

waves is described in a Ph.!) thesis by Mr. T. Ohe, now being prepared , and

in a paper to be submitted to the ~~~ ics of Fluids .

ib) flF Ileatinq

In connection wi th the work on parametri c excitation , it has been

found that the application of radio-frequency power ~t verj high levels , about
one order of n~gnitude higher than those used in the parametri c cxci tati on

experiments , leads to the exci tati on of ion-acousti c waves in the plasma

wi thout the use of the parametri c exci tati on mechani sm. There is also an

accompanying increase in the electron tei:~peraturc . The frequency at which

the rf power is appl ied does not appear to have any influence on the observed

effect. This behavior Is to be contras ted wi th the conventi onal parametric

exci tati on experiments in whi ch power is applied at the electron plasna

frequency. The obscrvecl phenomenon appears to he a nc’.; owe and has riot

been repor t ed earl ier in the Wes tern literature , althou i recent Soviet

work seems to be related to It. It has been proposed that the mechan ism

responsible depenc!s unon the exci tati on of elec~ron pl asma waves , which ,

In turn , coup le to the Ion-acoustic wave . The electron plasma waves arc

cxc i ted I •cau~e the frequcncy of the eppl i eJ ra.~ i o—ftequ~mcy power (1~ ~~z)

Is o~uch lo,ser tii~n the electron iilas~:ia frc~pw~nc~’ (~On— lVn ~ z ) ; on the

- ~~~~~~~~~ 

- --~~- V - -~~~~~—~~~~~~~~~~ 
.-
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~~ tlr,ie-scale of the electron plasma frequency the radio-frequency looks like

a di rect current. Th is .di rect current is then responsible for exci ta tion of

the two-strea m instability . This work is related to c~nputer-sir,ulation

experiments recently carried out at Prince ton Plasma Physics Laboratory

and reported in a paper entitled:

~Plasma heating by Large-P~pljtudc , Low-Frequency Electri c Fields ” , by Kruer ,

Katz , Cyers and DcGroot, HAlT 879, January 1972, Princeton Plasma Physics

Laboratory.

The work In the present progrut i is also described in two recently submi tted

papers :

“P1 asma Ileati ng in a High-Amplitude , I ntcniedi ate-Frequency Electri c Field” ,

R. II. Abrams , Jr. , T. Ohe and II. Lashinsky , 1st Topical Con ference on 1W
V 

Plasma Heating , Texas Tech University , Lubbock , Texas , July 6-8 , 1972.

HPlasIia Pticno’~ena in a Strong Intermediate-Frequency Electri c Field” , Fifth

European Conference on Controlled Fus ion and Plas m a Phys i cs , Greno5le , August ,
1972, R. II. Ahrarns, Jr., I. Ohe and II. Lashinsky 

—

ic) P.no:iolous fle sj stance of a coll isionless P1?sna

One of the topi cs of immediate interest in the controlled-fusion

program is that of turbulent hcati nq of collisien less plasnas . In p1asr.~is

of fusion interest the classical collisiona l w2an-free path is longer than

the dimensions of the system , so that heati ng must be accomplish ed by a non—

class ical or “anomalous ” mechanism. If a plasma can be made turbulent by

the generati on of hicjh~•am p1i tude rcndcm waves , the scattcrhi i of the di rected

electron moti on of these waves Is analogous to the scattc’rinq of electron

on Ions In a soli d and the transfer of nlor;2ntu;1 to the waves from the

— V _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • VV — 4
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particles (th e clcctronc) plays the role of a resistance . In the process the

Ions are heated. In the work carried out in this program over the past year

we have been able to utilize a technique developed earlier that enables us

to generate ion-acousti c turbulence in a plasma in a fairly controlled way.

This technique is based on the rf heating mechanism described immediately

above. In this work we are able to measure simultaneously the frequency

spectru n of the turbulence , the tine-autocorrelation fenction of the spectrum ,

and the Fourier transform of the autocorrelation function , i. e., the power

spectrum. At the same time we are able to measure the voltage-current

characteristics of the plasma column as a whole in the Q-machine , thus

obtaining the plasma conductivi ty under various condi tions of controlled

turbulence . Although this work is s till in a prel iminary stage , it has

been found that the anomolous resistivi ty is one or two orders of magnitud e

greater than the classical resistivi ty, as expected from theoreti cal con-

siderati ons , and that the resistivity increases wi th the turbulence level.

A preliminary report on this work has been given at the Madison meeting of

the Plasma Physics Di vision of the American Physi cal Society :

“Low-Frequency Conductivi ty of a Collisionle ss Turbulent Plasma ” , R. H. A~rams ,

Jr., 1. Ohe and H. Lashinsky , Bull , of American Physical Soc., Vol. 16, p. 1276 ,

1971.

ld) Nonl i nea r Satur a tion of Convec tion Ins_t~ib iliti e~

It can be shown that a number of problems involving convection—like

phcno~ncfla such as the formation of I;enard cells , the Rayleigh—Taylor instability

In flui ds , and various non—periodi c plasma inst abilities , such as the fl ute

instab ilit y , give rise to an equation of the form

y” + oy’ - ay 0

~,tien the probin i is treated in the lin ar cppro;:ir.:z~tioii . In work carried out

— 
_ _ _ _ _ _ _ _ _ _ _t •~~~~~~~~~•~~ V 

_ _ _
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In the past year ~ie have sho’.rn that the c!escrip ticn of nonlinear saturation

L of the convecti on proccss requires the introduction of a phenomenolo~ica l

cubic te rm wi th a positive coefficient to yield an equati on of the form

+ cty ’ - ày + by 3 = 0,

whi ch provi des saturatio n of the dependent vari~~lc t:~~~V it y (a /h) 1”2 . This

procedure is analogous to the procedure used in introducing a phenomenolog ical

cubic nonlineari ty in the dissipati on te nn in the original deri vation of the

Van der Pol equati on ; in the present case the ronl i rcar saturation appears in
‘ the term that corresponds to the “restoring fo rc~” rather than the dissipati on

term. The physical origin of this term has bec investigated and its sig-

nificance in the various physical problei~s ci ted above has been deterni ned.

In the mathemati cal analysis of the equati on the parameter ranges for
‘periodic and aperiodi c solutions have been examined and related to the

physical prob lems. Analyti cal soluti ons ari d co:iputer soluUc;is have been

obtained for a number of cases of physical interest.

This work is described in a paper that has recently been accepted for

an invi tati onal internati onal conference on nonlinear oscillationS :

~‘On An Equation h~o1ated to flonlinear Saturation of Convecti on Phienoriena ” ,

Herbert Lash insky and Ferdinand Cap , Sixth Interi~ati on Conference on nonlinear

Oscil latiows , Poznan , Po1and , Septc.L1her, 1~72.

Ce rtain ma thematical aspects of this work have been d~scrihed In a

paper stimulated by the present work :

“0~~1ash1nsky ’ s Equation 
~~~ 

+ - ~~ , ~~~~~~~ S. Cap , Preprint

X -64l— 7 l- ’ i~l rcdd~rd Spi ce Flight Center , rtec t~ r 1971.

— —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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2 Q4iJ~CHIf~E TEC HUOLOGY

In the past year we have designed an improved shroud for the Q-machj ne.

This shroud provides the functi on of trapping spent cesium and potasiurn and

is water—cooled. The new shroud d i f ~ers from the old one in that the access

to the machine has been improved. The old shroud has been in use for some

fi ve years and has she - rn nonnal signs r f  deteri orati on due to co ntin tei s

contac t with the alkali metals.

3 GENERAL EX PERIflEI~TAL £~ETHODS AhP TECIft~OLO G J CAI . SPU ~OFF

3a) Oscilloscope T)isplay

A two-di mensional oscilloscope disp1~y has been developed in connection

wi th plasma physics research carr ied out in this program. The devi ce is used

in two general applicati ons:

1) Signal-to-noise enhancement by continuous signal averagi nq .

2) Data presentation in the form of an X-Y plot. In this application

a conven ti onal osc i lloscope that presents a functi onal dependence of the form

y + y(t) is effectively converted i n t o  an X-Y plotter that presents a

functi ona l dependence of the form y + y(t).

This d isplay is also found to be highly convenient for the presentation

of spectra l data i n  compact form and also functions as an opti cal signal

averager . In this applicati on it is found to be extrcr:~ly useful in plasma

turbulence experim ents and in the de tecti on of signals whose frequencies are

not kn o~.’n a priori . In the de tection of dri fting signals the present sys te r:

500115 to have certain advantages over conventi onal electronic signal ave ragers .

A patent applicati on was filed for this device by the Research Corporati on ,

acti ng for the University of ?laryland. It is expected that this device will

prov ide a Use fU l  accessory for use in ernoectien wi th oscilloscopes in vari ous

app lica ti ons in scienr~ and engineering.

________________ • V ~~~~ — -V _V ~~~~~~ _ 4 V V
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This devi ce is described in  a recent paper  and a p aten t :

“Oscillosco pe Display for Signal Aver aging and X-Y Data Plotting ’ , Revicw

of Scientific Instrumen ts, 42 , pp. 1413-1418, Oc tober 1971 (II. Lashins ky

and R. Monblatt).

u. S. Patent 3 ,60g ,5’O “Raster Display Method ind paratus ” , September 1971,
IV. Lashinsl:y and P. C. ~-~o~t~1att.

3b) Acti ve Mi cro.!ave Systeiis

In the course of our plasma research a technique has been deve loped

in connect i on with micr cw av e di agnosti cs beinq used wi th the Q-rnachine. Al-

though originally intended for plasma applicat ion , the new technique was

found to exhibit features that may be of value in  a nui~er of problems of

current scienti fic and technological interest. Conventi onal systems for the

detenii n~tion of the dielectri c constant at micrcV!av c frequencies are tt passive ”

in the sense that the quanti ties of interest are de termined from a shift in

phase or frequency in a passive element such as a mtcrc ;iave interfe rometer

bri dge or cavi ty resonator , the micrci.:ave ener’jy required for the measurement

being deri ved from an external source .

In contrast , the new approach makes use of an “ac t ive ” system in which

a pos itive feed back loop containing a microwave a; ;plifier is used to provi de

gain. The enti re configuration , including the i,rasurc’nent element , then

comprises a mi crowave oscillator , the frequency ari d i 1711tUd~ of the oscillato r

signal con taining informa tion on the qu~ntit ies bring measured. Experi menta l

resul ts ob ta ined in ples ma experi ments indicat ’~ that the technique is attractive

from the point of vi em of sensi ti vi ty, dynaui i c rin~j r , time—r esoluti on and con-

venience ol readout. it appears that the sys t m can r- :as urc the real and

imag i na ry  par ts  of th~’ die lectr ic cons tant of soil ~ liqoi ds and g~res at.

microwave frequencies t’ii tli the capab i ii 1’~’ of co ’’~nHrit trans ient -~asurements 
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in the submi crosecond range as ~zell as measurements in the presence of high

losses which would be prohibitive for passive systems . This system would

appear to be useful In process control In cases in which it is desired to

monito r the dielectric cons tant or loss tangent , at mi crowa ve frequenc ies
of any s o li d , gas , or fluid comi ng off a producti on line. The material

being tested can niove through the system on a continuous basis. The fact

that the data can be read on a high-speed basis means that the information

can be used to provi de feedback to control vari ous producti on processes.

There also appears to some application for a microwave refractometer

capable of high time resolution in the study of clear air turbulence . Certai n

current exper iments in clear air turbulence use an ai rborne mi crowave re-

fractometer to sample localized fluctuations in the refractive index of the

atmosphere . The aircraft carrying the microwave refractomete r is simultaneous ly

tracked by a high-resoluti on ground-based radar. The radar returns are then

correlated wi th the localized readings of the fluctuations in refracti ve index

of the atmosphere as obtained wi th the ai rborne refractom’~tcr. Conversations

wi th people in the field have Indi cated that an act ive system might be

capable of improving the available time resolution by an order of magnitude

or more . A modest project is ~~ being supported by the Hati onal Science

Foundati on to explore the use of this method in ncnple sr ta applications .

This work is funth-’d by the Division of Engineeri ng of the Mati onal Scie nce

Founda ti on.

3c) Mi cr owave _ Plasma fliaqnosti cs wi Ui Lec her — ~!i re Syste ms

Conventional sys tems used for plas:aa microwave diagnostics employ

boun ded reso n an t  s t ru ctu r e s , such as cavi ty re~oncttors , or non—resonant

radiating structures , suc~ as focused ciCr o~~ve horns . In either case ,

the spatial resolution that can be achieved in th~ r.: s t m ~ ;~nt of plasma

density Is of the o der of a va1en~ th of the i~ i cr t .’dve probing si gnal.

_ _ _ _ _  ‘ I  - ~~ V* .- • — ~~~~~~~~~~~~
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On the other hand , in many cases it is necessary to acbieve high spatial

resoluti on even though the electron density is so low that adequate sensitivi ty

cannot he obtai ned with mi crowaves of short ~iavelei-gth and high frequency.

Moreover , when radiating structure s are used inside the metal chambers

characteristi c of plasma laborato ry experiments the measur ements can be

confused by spuri ous reflecti ons from the meta l walls.

It is possible to circumvent these problems by using wi re conductors

to gui de the mi crowave probing radiation through plasma. In this case the

mi crowave energy is carried by surface waves that propagate along the wi res

and the radiati on field is confined to the immedi ate vicinity of the conductors

so that high spatial resolution and freedom from spuri ous wall reflections

can be realized.

Lecher-wire systems have been used for microwave diagnosti cs and are

reported in the literature . A standard nonresoj iant microwave interfe rome ter

is generally used. The coupling is achieved by ¶ e- ca l led finline secti ons .

In the present wor k tie have made use of a so-called single wire transmission

line in conjuncti on w i th an acti ve Fabry-Perot resonator , making use of the

active mi cro. iave conccpt described above . The single-wi re line has a number

of interesti ng features as compare d wi th the usual Lecher-~1ire systems .

There is much more f lexibi ii ty in the choi ce of the w i re diamete r so that

the diameter can be di ctated by considerati ons of mechanical strength . In

the Lecher-w ire sys tem the va lues of the diameter that satisfy requi rements

generally limi t the mechanical s trength . Moreove r, it has been found

possible to use a so-called flared-horn launcher wi th the single wi re line .

This type of transition section has a much hi~die r e ffi ciency than the tapere d

wavegui de or finline and is also free f rc~i spurious radiation and spuri ous

resonances. The results of this wor k have culli:iinated in the deve lopment

of a diagnostic system t:hich will he installed in the Q—tia c hine. Also , this

—.— ——-—~~
.——.. ~~~~~~~~~~~~~~~~~~~~~~~
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work on Lecher-wi re systems has Stimu lât0 cl a great deal of devclop;nent resulting
In the Installati on of a Lecher-wi re system in a laser-plascia exper im ent being
carried out at the Univers ity of Maryland . This work wa s descri bed at a recent
confe rence :!

~ cti ye Si n~ik4:i re Feb ry••Pe rot Into r’fe romete r for I1jcrcj,,a~~
Proceedings of 10th Internation Conference on 1~hemi or~ena in Ionized Gases , Oxford ,
~971 (R. C. Aj r~iera and II. Lashinsky).
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1—4. Nonlinerr F~dlingj~~fec s.ts in te.im—Pi~ i~ma I n te r a c t i oLl9

In connecticn with our work on general nonlinear models , earlier

in th ic progr am we have studied an ~ffcc t known as nonl inear entr ainment.

In the plasma case, this means that the app lication of a pert urbation at

a frequency close to the free — runn ing frequency of an unstable plasma

mode can cause th e frequenc y of the unstable plasma mode to be “ pulled”

to the  frequency of the incoming perturb at ion. It has been observed in

beam—plas ma inter act ions that. the use of an un r an du lated dc electron

beam results in the produ ction of a bro ad spe ct r um of plasma waves.

On the other hand , if the electron beam is modul ated at a frequency near

the center of the broad soect ru ni all the wave energy app ears at the

frequency with which the electron beam is modulated . In other words ,

energy is taken out of other m odes and transferred to the central

frequency. This effect is predicted by the Van der Pol model developed

in the pre sent progra m. One practical app lication of this effect  Is in

the study of the partic le trapping in bcam—p].ar.in a interactions. In

these experiments it is desirable to create a monochromatic wave in

• I order to eliminate , a spurious effect associated with wave packets. It

is found that the desired monochro matic wav e can be obtained by the

~odu 1.”t t i o~i sc ti~ ~c d ~..c r ib~.J ~~~~~~~~~ The 1~~k i s  Lii i~. ~~~~~~ ‘‘‘;~~ t i ~~~~~~~

BEST ~1ACL~ 
[Q~”(
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in a rcecnt publ~cat:ion written together with a group from the Univcrs i

of Californ ia at La Jolla :

“Van der Pol Nodel for Unstable. Waves on a Beamu—Plasiiia System” by Peter

DcNeef and 11. La shfn sk y, Phys. Rev. Letters 32 , 103 9 (1973).

i—S. Non] int’ar Satur ar ion of _/~p~r iod ic P].asma In stabi l i t ies

A number of ape riodic p lasma instabili ties , such as the flut e

Instability lead to the developrn ent of convection cells. Convection

processes of this ki nd have been proposed by Kadomts ev as a mecha nI sm

for anomalous energy loss in Loro idal plas ira devices . It has been sho~::.

in the present program that in a bounded system a model equation that

describes such instabilities is

~~L’
L1,~ • . 

- -
- ~ d ~, ~~~ ,, ~~~ . I

~ 0
dt2 dt

when the problem is treated in the linear approximation . This equation

describes the time growth of a typical quantity , say the convection

velocity , at the outset of the convection process. It is evidently

necessary to add some kind of appropria te nonlinear term to form an

equation tha t can describe saturation and the stead y-sta te conditions

that are ac tually observed in physical experiments . On the basis of

cer tain heuristic consideration we have then introduced a nonlinear

~ ;ri ~;n~I s :.: 1~~’ i ned th” elf t c t  of t I i i ~ t~ ua on the propt .rt i.~’s cf th~

iqua tion ~‘nd I t s solution. in turn , this nonlinear term can ~ae



1’ 0

to an appropri ate nonlinear physical ef f e c t .  The modified cquation i~ of

the form

d 2 ci—-~- +  ~~~~~~~~~~~~~~~~~
cit2 cit

This form i~ rcacJi~•d by analogy w i t h  thc rea~mnin~ u8ed in the der ivation

of the Van der Pol equat ion .  The di f ference here is tha t  the term capable

of providing s a tu r a t i o n  is in the factor  corresponding to the nonl •inear

restoring force , wliercas the term tha t  provides sa tu ra t ion  in the Van

der Pol equation is In the dissipation term. The form of the ternis

required in the nonlinear equation provides guidance as to the form of the

orginal physical equation and to the modification of these equations

which is required to obtain the appropriate nonl inear gcnt ’ral cquatic,n.

In other words , by knowing the final resul ts should be in the. m odel

equation it is possible to choose the appropriate nonl inearit ies  that

must appear in the original physical equations . Procedures of this kind

are useful in the study of instabilit ies in plasma physics in determining

what physical mechanisms can provide the required saturation. Note that

we have introduced the terminology “convec tion instabilitie s ” hero in

order to avoid confusion with the tern’ “convec tive instabilities ” used

in another applica tion in plasma physics. This work Is described in a

recently published paper in a Polish journal on nonlinear oscilla tions :

“On an Equa tion Related to Nonlinear Saturation of Convection Phenomena ,”

by F. Cap and II. Lasbinsky , Nonlinear Vibration Problems (Warsaw), ~~~~,

520 (1973).
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In iaor~’ rtc.c~r~t. work ~e hi:~ve applied s i att’l .&I per1urb~m t ion t l . 2 ) r y

methods to ex~nn1ne t ~~c shor .— t t ~ri~, and 3 OIm ~: - t  er ,n In :hav~ or of t t ic ~ scilut lou .

We have also corre la ted  results obtained by a mul t Ip l e—t ime—sca le  fc ,r t ~ t11sa

and singular p~ m :tu rb z t t io n  theory. In par t icular , the  role of secu lar

terms has been deline~ tcd . A paper descr ib ing th is i.moro recent work is

being prepared for  submission to the Journal, of N athiem atical  Physics.

~~~11-6. Techn aJ cal Sji4n-Off ~~~~~~~~~~ ~~~~~~~~~~ ~ I

In the course of plasma icscarch in this program , a techni que was

developed for measur ing  density in the Q—machine. Although~, or iginally

intended for pi~ sma applicat ions , the ncw technique was found to exhibit

features of value in a number of problem s of current scientific cnd

technological interest. Tu e  par ticular app lica t ion r~resently being

pursued is the use of this system in the deicrininalion of the size and

dielectric constant of particles in the range 5— 100 microns , a capability

tha t appears to be useful in pa r t icu la t e  measurerients in pollution

applicaLions . This work on app licat&on of so—called “ac t ive” microwave

systems is being carried out under a program which Is entirely separate

from the plasma program and which receives modest suppa rt from the

Engineering Systems Division of the National Science Foundation. It is

mentioned here inasmuch as it represents a spin—off from the plasma

program. Interest iii this device led to an invitatior. to submit a paper

on this work, which appeared in a special issue of the Proceedings of

the institute of Electrical and Electronic 1~ugincers:

“Niercw~!v’ “•.‘~ urt. .i~•ULb .~..,.i. cL.~ • ~ 3~, ‘
~ ,“ . C . a , ~ .

Eatchelor , D. C. iloody and 11. Lashiusky , Proceedings of Ins t i tu te  of

Electrical mmd Ele ctron ics Eu~ inctws , ~~~ ] 1;i (1974).
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1-2. Measurement of Plasma Electrical Conductivity in a Strong
Magnetic Field

Dur i ng the pas t year , using a new technique , we have carried out
measurements of the parallel and transverse components of the low-

frequency electrical conductivity of a fully ionized plasma as defined

in terms of parallel and perpendicular dissipation in moderate

and s trong (u~~~>w~~~) magnetic fields ~~ = ion gyrofrequency; up1 =

plasma frequency). Ihese measurements are carried out by means of a

noncontact method capable of simul taneous spatially localized measurements

of the two Components of the anisotropic electrical conductivity and

appear to represent the first simultaneous determination of a,, and q,..
in a fully ionized plasma . These measurements derive from the measure-

ment of electrical conductivity In terms of energy dissipation rather

than momentum transfer, thus avoiding certain difficultie s that arise

when one attempts to define the transverse electrical conductivity of

a plasma in a magnetic field in terms of momentum.

The plasma conductivity is determined by measuring the plasma-
Induced reduction In the quality factor (0) of sensing coils arranged as

shown in Fig. 1. The reduction in Q Is measured wi th a sensitive Q-meter

(Hewlett Packard 4342A) or by Incorporating the coils into marginal oscil-

lators In accordance wi th standard techniques used In nuclear magnetic
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resonance work. In either case the system Is capable of absolute

calibration with HC1 solutions . It is interesting to note that this

instrument has been found experimentally capable of a sensitivity of

5 micromhos per meter; this exceeds by perhaps two orders of magnitude

the sensitivity of related devices reported in the literature.

Using the system described above, during the past year we have

observed that the long i tudinal electrical conductivity drops dramatically

when the magnetic field increases so that the Ion Larmor radius becomes

smaller than the Debye length At the present time the mechanism

responsible for this effect is not known and relevant theory is not

available in the literature . A note describing this new result is being

submi tted to ~h~sical Review Letters and a preprint accompanies the

present proposal . A note that describes the new radio-frequency conduc-

tivl ty meter is being submi tted to the Review of Scientific instruments.

Work on the measurement of plasma conductivity in quiescent

and turbulent plasmas is described in the following papere:

“Anomalous Resistivity Due to Intermediate Frequency Fields ,” by J. R.

Conrad, R. Gore, and H. Lashinsky , Proceedings of the 2nd Topical Confer-

ence on RF Plasma Heating , Lubbock, Texas, June 1974.

NRadlo..Frequency Method for Plasma Conductivi ty Measurements,” by R. Gore,

.1. R. Conrad, and H. Lashinsky , Bull. Am. Phys. Soc., Vol . 19, 911 (1974).

Anomalous Resistivi ty in a Q-Machlne Plasma,” by J. R. Conrad, R. Gore,

and H. Lashlnsky, Bull. Am. Phys. Soc., Vol. 19, 955 (1974).
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1—2 . Plasma Transparency Effect in Strong Magnetic Fields

During the past year , to test a new method that viii be used for

other purposes , we have carried out measurements of the parallel and trans-

verse components of the low—frequency electrical conductivity of a fully

ionized plasma as defined in terms of parallel and perpendicular dissi-

pation in moderate 
~ ci<wpi) and strong ~“~ci>°~pi~ 

magnetic fields (wcj

ion gyrofrequency ; w
1~1
’ion plasma frequency). These measurements are

carried out by means of a noncontact method capable of simultaneous

spatially localized measurements of the two components of the anisotropic

electrical conductivity and appear to represent the first simultaneous

dete rmination of a,~ and a in a fully ionized plasma. These measurements

derive f rom the measurement of electrical conductivity in terms of energy

dissipation rather than momentum transfer , thus avoiding certain diff i—

culties that arise when one attempts to define the transverse electrical

conductivity of a plasma in a magnetic field in terms of momentum.

The plasma conductivity is determined by measuring the plasma—

Induced reduction in the quality factor (Q) of sensing coils arranged

as shown in Pig. 1. The reduction in Q Is measured with a sensitive

- Q—umeter (Hewlett Packard 4342A) or by incorporating the coils into marginal

oscillators in accordance wi th standard techniques used In nuc lear magne tic 
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resonance work. In either case the system is capable of absolute cali-

bration with HCL solutions. It is interesting to note that this instru-

ment has been found experimentally capable of a sensitivity of 5 microahos

per meter ; this exceeds by perhaps two orders of magnitude the sensitivity

of related devices reported in the literature .

Using the system described above , during the past year we have observed

that the transverse electrical conductivity drops dramatically when the

magnetic field increases so that the ion gyrofrequency becomes larger than

the ion plasma frequency 
cI

>Wpi~~ A theory is being developed to explain

this effect; the fact that the plasma can not absorb transverse electro-

magnetic waves when w appears to follow from the behavior of the plasma

dispersion relation when this condition is satisfied . In Fig. 2a we show

the pertinent dispersion relation for w 
i<’~pi and it will be observed that

there are large intervals In frequency in which the plasma Is opaqt e (cross—

batched regions). On the other hand , when uci>wpj the diagram shown in

Fig. 2a is transformed to that of Fig. 2b. Strai ghtforward calculations

show that the opaque regions now shrink to narrow bands around the electron

and ion gyrofrequencies . The effect arises physically because the electron s

and ions are “tied” so ti ghtly to the field lines that they can not couple

to transverse electromagnetic waves. Hence the wave propagates through the

plasma as though it were transparent . Possible implications of this effect

are d iscussed in Sec. 11—2 or the renewal proposal and a paper describing

this effect will be prepared in the near future. The preliminary work on

this effect has been described in a talk :

“Plas~ia Conductivity Measurements in Large Magnetic Fields ,” by H. Lashinaky ,

.1. R. Conrad and R. Core , Proc . IEEE International Conference on Plasma

Science , 1975. p . 34.
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1—3. Lower Hybrid Resonance in a Bounded Plasma

The conductivity—measurement system described above in 1—2 has

been found to offer a highly sensi tive means for the measurement of a

plasma resonance known as the lower hybrid resonance. This resonance is

of grea t current interest in plasma work since it is regarded as a means

of heating plasmas in controlled fusion. The lower hybrid resonance has

also been found to play a role in certain antenna and propagation effects

that have been observed in radio—frequency transmission from satellites.

In contrast with earlier work in the field , which has been concerned

with the lower hybrid resonance in infinite plasmas , in the present experi-

ments it has been found possible to measure lower hybrid “body” resonances ,

which accounts for the fact that the resonance occurs in a plasma of finite

dimensions , so that the problem must be treated as a boundary—value problem .

Physical effects in the bounded case , especially effects associated with

coupling efficiency , are found to be modified in a significant way when

the finite size of the plasma is taken into account and it is anticipated

that the present results may be importan t in several applicat ions of the

lower—hybrid resonance. All of the Important basic experimental features

of the lower—hybrid body resonance have been verified and a paper on this

work is in preparation. -

1-4. Prototype Nonlinear Equat ion for Convection Instabilities

In the 1974—75 Progress Review we have reported on the analytic

solut ion, by singular perturbation theory and multiple—time—scale methods ,

of an equation that describes the nonlinear saturation of convection

instabilities such as the Rayleigh—Tay lor instability in liquids and gases.
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This equa tion was developed on a phenomenological basis and describes

the nonlinear saturation of this class of aperiodic instabilities.

!~n interesting new feature is the result that the growth of the

instability must be treated in two stages , an initial transient stage

and the long term. The first stage , for short times , Is then matched

to the long-time solution . It is found that the time behavior of the solu-

tion for long times is the same as the envelope for the solution of the

van der Pol equation , which describes the growth of most periodic insta-

bilities. This new equation , which is a kind of counterpar t for the van

dci Pol equation , should be of great utility since it is a generic equa-

tion tha t describes the time development of a large family of nonperiodic

- 
-

- instabilities and can provide Insight into the saturation behavior of

these instabilities. A number of these instabilities are encountered

in prob lems of hyperson ic flow of plasmas and gases such as unstable

Couette flow , various forms of the Kelvin—Helmholtz instability, and the

• Rayleigh—Taylor instability.

During the past year this equation has been applied to the de-

scription of a well—known plasma instability, the so—called flute insta-

bility, and has made it possible to analyze the nonlinear evolut ion of

this instability, which has not been done as yet in the literature. By

making use of this equetion rather than the conventional dispersion relation ,

it has also been possible to extend the range of growth rates that can be

saslyzed . A preliminary report on this was given at the meeting of the

plasma Physics Division of the American Physical Society in November ,
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Convect ion Instability in a Weakly Ioniz ed Plasma Con fined by a Nonun iform

Magnet ic Field , by H. Lashinsky , P. Ottinger and J. Cuillory. Bull.

American Physical Soc. 20, 1363 (1975).

A detailed work paper on this work is being prepared for submission to the

Physics of Fluids.

This equation has also been applied to the description of the well—

known Benard instability, which describes the onset of thermal convection

and this work is described in a recent talk:

Prototype Nonlinear Differential Equation for Fluid Convection Instabilities

by R. Gore and II. Lashinsky. Bull. American Physical Society 20, 1418 (1975).

A detailed paper on this work was submitt ed to the Journal of Mathe-

mat ical Physics , but after consultation with the editor it has been de-

cided to submi t it to the Physical Review , Series A , which was deemed more

appropriate for its content.

I—S . Parametric Excitat ion

As repor ted in the Progress Review for 1974—75 , a paper describing

work carried on in this program on the parametric excitation of ion acoustic

waves in a plasma has been accepted by the Physics of Fluids pending cer-

tain revisions. These revisions have been made and the paper is in press:

parametric Excitation of Ion Acoustic Waves in a Fully Ionized Bounded Plasma

ty T. Ohe , R. H. Abrams Jr., and H. Lashinsky (Phys. Fluids , to appear).
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In this paper we have shown the effec t of initial phase on the
parametric instability in a plasma. This is the first experimental demon-
stration of this effect in a plasma; however , the effect has implication
for any System in which par~metrjc excitation is used and the general
applications of this pheuomeno~ have been described at an invitational
conference on nonlinear mechanics :

“Effec t of Initial Phase on Nonlinear Parametric Excitation” by T. Ohe and
H. Laahinsky , Proceedings of the 7th International Conference on Nonlinear
Oscillations, Berlin , DDR 1975.
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